Objectives: To investigate the genetic basis of pleuromutilin resistance in coagulase-negative staphylococci of porcine origin that do not carry known pleuromutilin resistance genes and to determine the localization and genetic environment of the identified resistance gene.
Introduction
During the past 5 years, five novel ATP-binding cassette (ABC) transporter genes of the vga and lsa families have been identified in Gram-positive bacteria: vga(C), 1 vga(D), 2 vga(E), 3 lsa(C) 4 and lsa(E). 5 For the plasmid-borne vga(D) gene from Enterococcus faecium, only a role in streptogramin A resistance has been confirmed. 2 In contrast, the remaining four genes have been shown to confer cross-resistance to pleuromutilins, lincosamides and streptogramin A antibiotics. 1,3 -5 Among them, the lsa(C) gene was detected in the chromosomal DNA of Streptococcus agalactiae. 4 The vga(C) gene was first identified on the 14 365 bp multiresistance plasmid pKKS825, which also harboured the resistance genes tet(L), dfrK and aadD, from porcine methicillin-resistant Staphylococcus aureus (MRSA) of sequence type (ST) 398 1 and later also on the 5292 bp single resistance plasmid pCPS49, again from porcine MRSA ST398. 6 The vga(E) gene was initially identified as part of the novel transposon Tn6133 in porcine MRSA ST398. 3 This gene was later also detected in MRSA ST398 from cattle, poultry and food of poultry origin. 7, 8 The newest addition to this group of resistance genes is lsa(E). 5 This gene is believed to originate from enterococci and was detected initially in Spanish MRSA ST398 and methicillin-susceptible S. aureus ST9 of human origin. 5 In these isolates, the gene lsa(E) was part of a multiresistance gene cluster, which also harboured the novel spectinomycin resistance gene spw among other known resistance genes. Later, the lsa(E) gene was also identified in porcine MRSA ST9 from China, where it was part of an even more expanded different multiresistance gene cluster. 11 While this cluster and variants thereof were mainly found in the chromosomal DNA of MRSA ST9, 10 one plasmid that contains such a cluster, the 40971 bp plasmid pV7037, has recently been sequenced completely. 12 In addition to the aforementioned three staphylococcal genes vga(C), vga(E) and lsa(E), the ABC transporter genes vga(A), 6, 13, 14 vga(B),
15
vga(A)v 16 and vga(A) LC , 17 which had been described earlier and shown to confer a similar resistance phenotype, have also been detected in staphylococci.
During a surveillance study on pleuromutilin resistance in staphylococci of swine origin in China, two Staphylococcus isolates exhibited resistance to pleuromutilins, lincosamides and streptogramin A antibiotics, but did not carry any of the known vga or lsa genes. In the present study, we investigated the genetic basis of this resistance phenotype in these two isolates and determined the genetic environment of the identified resistance gene.
Materials and methods
The two Staphylococcus isolates used in this study were isolated in two different geographical locations: Staphylococcus cohnii isolate SA-7 was obtained from a farm in Henan Province and Staphylococcus simulans isolate SSI1 from a farm near Shanghai. The presence of the cfr, vga and lsa genes was analysed by PCR using the primers listed in Table 1 . 2, 11, 18, 19 The plasmids of the two Staphylococcus isolates were extracted using the Qiagen Plasmid Midi Kit (Qiagen, Germany) and transferred into S. aureus RN4220 via electrotransformation. Transformants were selected on 2 mg/L valnemulin-containing brain heart infusion (BHI) plates. The plasmids of the transformants were extracted and subjected to further analysis. The potential resistance plasmid from S. cohnii SA-7 was sequenced firstly by shotgun sequencing using the Illumina Hiseq 2000, which produced 100 bp paired-end reads (Berry Genomics Company, Beijing, China). A draft assembly of the plasmid sequences was conducted using CLC Genomics Workbench 5 (CLC Bio, Aarhus, Denmark). An inverse PCR was performed using the inv-F (5 ′ -CGCTCCACAAATAACCTA-3 ′ ) and inv-R (5 ′ -GACATACAACCACCTCAC-3 ′ ) primers, located at the start and end positions of the contig carrying the resistance gene, respectively, to confirm the exact size of the plasmid. Using primers complementary to the sequenced plasmid, the potential resistance plasmid identified from S. simulans SSI1 was analysed by PCR and sequenced by primer walking. To confirm the drug resistance pattern conferred by the resistance gene in question, a 2297 bp DNA fragment, which included this gene as well as 269 bp of its upstream region and 453 bp of its downstream region, was amplified using primers
, inserted into shuttle vector pAM401 and then transferred into S. aureus RN4220 by electrotransformation. Transformants were also selected on 2 mg/L valnemulin-containing BHI plates. The MICs for the original isolates and the transformants were determined by broth microdilution following the recommendations given in CLSI document VET01-A4. 20 S. aureus ATCC 29213 served as a quality control strain.
Results and discussion

Identification and characterization of the novel variant of vga(E)
Electrotransformation and subsequent plasmid analysis of the transformants revealed that both pleuromutilin resistance Table 1 . Primers used to detect cfr, vga and lsa genes Gene Primer Nucleotide sequence (5 
plasmids identified from the two Staphylococcus isolates were 5.5 kb. MIC testing of the transformants and the original S. cohnii SA-7 and S. simulans SSI1 revealed the same MICs for both transformants, which are indicative of high-level resistance to valnemulin, tiamulin, retapamulin, virginiamycin M1, clindamycin and lincomycin (Table 2 ). Sequence analysis confirmed the presence of exactly the same plasmid in both transformants from S. cohnii SA-7 and S. simulans SSI1. This plasmid was designated pSA-7 and its exact size is 5584 bp (GenBank accession no. KF540226).
Sequence analysis of plasmid pSA-7 identified a 1575 bp gene encoding a putative ABC transporter of 524 amino acids. The corresponding protein possessed typical features of the members of the class 2 ABC transporter family, such as two ATP-binding domains including Walker A and B motifs and the lack of a membraneassociated domain. 5, 21 This protein showed closest similarity to the Tn6133-associated Vga(E) protein (85.3% amino acid identity) while the respective gene had 85.7% identity to the vga(E) gene from Tn6133. 3 Analysis of the vga(E) variant sequence showed that the sequences corresponding to the PCR primer sequences vga(E)-R3 and vga(E)-F6, described to detect vga(E) from Tn6133, 3 had 3/20 and 6/23 mismatches and this explains why these primers failed to detect the novel vga(E) variant.
The S. aureus RN4220 transformants that carried the shuttle plasmid pAM401 with this vga(E) variant gene exhibited ≥16-fold increases in the MICs of valnemulin, tiamulin, retapamulin, virginiamycin M1, clindamycin and lincomycin when compared with those for S. aureus RN4220 with pAM401 ( Table 2 ). The MICs of vancomycin, erythromycin, roxithromycin, kanamycin, gentamicin, tetracycline, linezolid and florfenicol were not affected by the presence of the novel vga(E) gene variant (data not shown). These results suggested that this vga(E) variant mediated cross-resistance to pleuromutilins, lincosamides and streptogramin A antibiotics.
Genetic environment of the vga(E) gene variant on plasmid pSA-7
Besides the vga(E) variant, plasmid pSA-7 contained three in part overlapping mobilization genes (mobA, mobB and mobC) and one plasmid replication gene (rep) (Figure 1a) . Database searches for similar plasmids identified only two small plasmids that have been described recently: the 4809 bp apmA-carrying plasmid pKKS49 from a porcine MRSA ST398 in Portugal and the 4957 bp dfrK-carrying plasmid pKKS966 from porcine Staphylococcus hyicus in Germany. 22 All three of these small plasmids had a similar plasmid backbone, but differed in the single resistance gene that they carried. A 3205 bp segment of pSA-7, which comprised the three mobilization genes and the plasmid replication gene, showed 98.8% nucleotide sequence identity to the corresponding segment of plasmid pKKS49. In addition, a 2155 bp segment that contained the mob genes showed 85.3% nucleotide sequence identity to the corresponding region of plasmid pKKS966 while the pSA-7-associated rep gene showed 76.1% nucleotide sequence identity to that of pKKS966. Comparative analysis of the Rep and Mob protein sequences revealed that these Rep and Mob proteins of pSA-7, pKKS49 and pKKS966 are more closely related to one another than to Rep and Mob proteins of other staphylococci. The pSA-7 segment that contains only the rep and mob genes had a G + C content of 38.5%, which was slightly higher than the G + C content of staphylococcal genomes (32%-36%), but more similar to that of enterococcal genomes (37%-43%). During the analysis of plasmids pKKS49 and pKKS966, an assumption was made that these plasmids probably did not originate from staphylococci, although the most likely origin remains to be identified. 22 These structural similarities might indicate that there is a cryptic plasmid with the rep-mobABC backbone that can accept different resistance genes. Comparisons of the sequences flanking this common backbone, however, did not identify structures that suggest a common mechanism for integrating foreign resistance genes. In the case of the vga(E) gene variant, one might assume that the variant has developed from the Tn6133-associated vga(E) prototype and that the observed sequence variations are the result of adaptive changes for optimized function in a different host bacterium. Regardless of the origin of this vga(E) variant, the MIC data in Table 2 clearly show that the sequence alterations obviously did not have a negative impact on its ability to confer combined resistance to pleuromutilins, lincosamides and a streptogramin A in S. aureus RN4220. A closer look at the sequences flanking the vga(E) variant revealed that the 329 bp sequence upstream of the start codon of the vga(E) variant showed 84.1% nucleotide sequence identity to the corresponding sequence upstream of vga(E) in Tn6133. 3 The next 305 bp that span the region to the plasmid backbone, however, show no or only negligible similarities to sequences deposited in the databases. Downstream of the vga(E) variant, similarity to a short non-coding region of the (Figure 1b ). Recombination site 1 shows the junction between the pSA-7 backbone and ICESp1108, whereas recombination site 2 shows the junction between ICESp1108 and Tn6133. Li et al.
Conclusions
In conclusion, this is the first report of a novel vga(E) variant conferring resistance to pleuromutilins, lincosamides and streptogramin A antibiotics. The extensive prophylactic and therapeutic use of pleuromutilins, such as tiamulin and valnemulin, in livestock farming in China may promote the selection of this resistance gene. Based on its plasmid location, horizontal transfer from S. cohnii and S. simulans to other staphylococcal species or even bacteria of other genera may be possible. Enhanced and continued efforts are needed to monitor the prevalence of this newly identified vga variant gene in Gram-positive bacteria of food animal origin.
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